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INTRODUCTION 
Measurements sensitive to dislocation pinning are natural candidates for 
nondestructively evaluating the integrity of structures before cracks develop, because 
the mobility of dislocations plays a central role in determining the mechanical 
properties of materials. Traditionally, fundamental research on dislocation pinning 
below the plastic regime has employed low-frequency (",1 Hz) mechanical vibrations 
that simultaneously break dislocations away from pinning points and sense the 
strength of pinning [1]. The exploratory study described here has pursued an 
ultrasonic approach, viewing high-frequency measurements as being more practical 
for most potential applications. It has sought to determine whether measurements of 
ultrasonic dislocation damping under quasistatic loads can provide information on 
prior mechanical damage of structural ferritic steels. 
EXPERIMENTAL TECHNIQUE 
Electromagnetic-acoustic resonance (EMAR) was used to measure the 
ultrasonic damping of samples with the geometry shown in Fig. 1. The diameter of 
the central section of each sample was machined slightly larger than the adjacent 
sections to trap ultrasonic resonant modes in the central section and, thus, eliminate 
acoustic energy losses through the ends [2, 3]. Two electromagnetic-acoustic 
transducer (EMAT) coils surround the central section (Fig. 2). One of these coils 
(Fig. 2(a)) is a square spiral that is wound flat and wrapped around the sample such 
that the longest wire segments pass in the axial direction. This coil induces 
axial-shear displacements in the sample by employing the transverse magnetostrictive 
mechanism that was presented for the planar geometry by Thompson [4] and 
implemented in the cylindrical geometry by Ogi, Hi rao , and Minoura [5]. The 
displacement patterns of the resonant axial-shear modes, which have one axial nodal 
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Figure 1: Geometry of the cylindrical samples. For the A 710 steel sample, a=5.154 mm, 
b=5.050 mm, 1=42.8 mm, and £=119 mm. 
(a) 
(b) Figure 2: Electromagnetic-acoustic transducer coils 
for magnetostrictively coupling to axial-shear 
modes (a) and radial modes (b). 
Table 1: Compositions (mass percent) of the four steel samples. The entries for A533B 
are nominal values for this type of steel. 
Steel C Mn Si Cu Ni Cr Mo Nb Ti N 
A710 0.05 0.53 0.30 1.13 0.87 0.75 0.21 0.03 0.02 0.007 
A533B 0.25 1.3 0.25 0.5 0.5 0.04 
A36 0.22 1.03 0.20 0.01 0.01 0.02 0.004 0.003 0.012 
IF 0.003 0.17 0.009 0.014 0.029 < 0.005 0.035 0.035 0.003 
plane and several nodal cylinders, are described in detail elsewhere [7J. The second 
coil (Fig. 2(b)), which is wrapped over the first, is a solenoid that couples 
magnetostrictively to resonant modes with radial and axial displacements that have 
no azimuthal dependence ("longitudinal" modes near cutoff [6]). 
The ends of the samples are threaded for mounting in a mechanical testing 
machine (Fig. 3). Electromagnets surrounding each of the two magnetic steel grips 
provide the static field for the EMATs. The temperature is controlled with resistive 
heaters and liquid-nitrogen cooling coils that are mounted on the grips. 
The coil is driven with a sinusoidal tone burst, typically 2 ms in duration, at a 
trapped-mode resonant frequency. The same coil is then used after the tone burst to 
detect the free ringdown of vibrations using the inverse of the magnetostrictive 
generation mechanism. The dimensionless log decrement 6 [8J is determined from an 
exponential least-squares fit to the decaying amplitude vs. time [9J. 
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Figure 3: Grips of the mechanical testing machine with an ultrasonic sample mounted 
between them. Liquid nitrogen coils and DC resistive heaters provide tempera-
ture control. Electromagnets provide a static axial magnetic field. Transduction is 
electromagnetic-acoustic, employing high-frequency excitation coils around the central 
section of the sample. 
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Figure 4: 6 of the 2.1 MHz radial resonant mode (a) and tensile stress (b) during a 
loading sequence that resulted in plastic deformation of the A710 steel sample. Mea-
surements of 6 at the elevated loads are not plotted. 
RESULTS 
Measurements were performed on four types of ferritic steel with the 
compositions listed in Table 1. The concentrations of elements not listed are below 
0.04 mass% for all four steels. The designation of the steel types A710, A533B, and 
A36 are ASTM standards. However, the thermal treatment of the A710 material 
differed from that of the standard alloy. It was normalized by a heat treatment at 
900°C followed by air cooling; then, it was annealed at 525°C for 1 h, resulting in a 
nanometer-scale precipitation of Cu. The IF steel is ''interstitial-free,'' since the 
interstitial concentrations of C and N are essentially zero. The total C and N 
concentrations in this material are low, and the Nb and Ti concentrations are 
sufficient to form compounds with all of the C and N, taking all interstitials out of 
the a-Fe (ferrite). The microstuctures of the samples are discussed in detail elsewhere 
[101. For the purposes of this report, it is sufficient to note that a-Fe is the one 
constituent present in significant amounts in all four steels, and it is the principal 
constituent in each steel. 
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Figure 5: 8 of the 0.82 MHz axial-shear resonant mode (a) and tensile stress (b) during 
a loading sequence performed on A710 steel with Er =O.012 (plotted on the left scale of 
(a)) and Er=O (plotted on the right scale of (a)). Measurements of 8 at 148 MPa are 
not plotted. 
Figure 4 shows measurements of 6 of the 2.1 MHz radial mode (a) and the 
tensile stress (b) during an experiment performed on the A710 steel sample at 45°C 
with an axial magnetic field of 35 kA/m at the surface of the central section of the 
sample. To simplify the figure, measurements of 6 during the application of the 
elevated loads are not shown (all of the plotted measurements are at 0 MPa). The 
applied stress started at 0 and increased to 680 ± 5 MPa (above the 0.2%-yield stress 
of 551 MPa), inducing a radial plastic strain Er of 1.2% (measured at the center of the 
sample). At 0 MPa immediately following deformation, 8 was significantly higher 
than before deformation. It then decreased nonexponentially with time to a new 
equilibrium. This general behavior of 6 after plastic deformation has been observed in 
many materials and is referred to as the KOster [11] effect. 
After 147 hours at 0 MPa, the sample was subjected to an additional stress of 
148 ± 5 MPa for 100 s. This stress is well below the yield stress and, thus, induced no 
further macroscopic plastic deformation. Nevertheless, it induced an increase in 8 
that recovered completely with time. This effect from a relatively small load was 
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absent before plastic deformation and was duplicated in numerous tests performed 
over a period of two months following the plastic deformation. 
Figure 5 shows similar measurements of the 0.82 MHz axial-shear mode of A710 
before and after loading at 148 ± 5 MPa for 100 ± 1 s. Before plastic deformation, the 
loading had no detectable effect on 8. Qualitatively similar behavior was found for all 
of the steels studied, although the magnitude of the change in 8 varied. 
DISCUSSION 
The changes in 8 induced by relatively low applied stress in deformed material 
may be the result of a process similar to that proposed by Granato, Hi kata , and 
Lucke [12] for the Koster effect. In their model, plastic deformation, which causes 
dislocations to break away from point defects and multiply, leads to a relatively high 
density of weakly pinned dislocations and an elevated anelastic dislocation damping 
immediately after deformation. At constant load following deformation, point defects 
diffuse to the dislocations to repin them, thereby reducing the damping. Similar 
breakaway and repinning may occur at lower stresses without inducing permanent 
deformation in the process. However, the interpretation of data such as those shown 
in Fig. 5 entirely in terms of point-defect pinning is not straightforward. As described 
elsewhere [10], the frequency dependence and temperature dependence of the changes 
in 8 are not easily explained by the model of Granato, Hikata, and Lucke [12]. An 
alternate explanation may be that kink dynamics dominate the dislocation damping 
[13] and that the observed effects on 8 induced by quasistatic loading reflect the 
changes in kink density accompanying breakaway and reconfiguration of dislocations 
[10]. In any case, the conclusion is that the presence of a recoverable load-induced 
change in 8 in plastically deformed material and the absence of such an effect in 
undeformed material are a result of a difference in the strength of the pinning of 
dislocations in deformed and undeformed material. The fact that all four steels show 
similar behavior suggests that the observed effects are associated with a-Fe, the one 
significant phase common to all four alloys. These results suggest that measurements 
of ultrasonic damping under quasistatic loads may provide information on the history 
of plastic deformation in structural ferritic steel. 
ACKNOWLEDGEMENTS 
We thank the Federal Highway Administration and the Nuclear Regulatory 
Commission for providing funding for this research, and Steve Schaps for developing 
the computer code used for some of the experiments. 
REFERENCES 
1. A. V. Granato and K. Lucke, in Physical Acoustics, Vol. IVA, ed. W. P. Mason 
(Academic, New York, 1966), p. 225. 
2. W. Johnson, B. A. Auld, and E. Segal, J. Acoust. Soc. Am. 100, 285 (1996). 
3. W. Johnson and G. A. Alers, Rev. Sci. Instrum. 68, 102 (1997). 
4. R. B. Thompson, Appl. Phys. Lett. 34, 175 (1979). 
5. H. Ogi, M. Hirao, and K. Minoura, in Review of Progress in QNDE, Vol. 15, eds. 
D. O. Thompson and D. E. Chimenti (Plenum, New York, 1996), p. 1939. 
1868 
6. A. C. Eringen and E. S. ~uhubi, Elastodynamics, Vol. II (Academic, New York, 
1975), p. 780. 
7. W. Johnson and G. A. Alers, in Review of Progress in QNDE, Vol. 14, eds. D. O. 
Thompson and D. E. Chimenti (Plenum, New York, 1995), p. 1915. 
8. A. S. Nowick and B. S. Berry, Anelastic Relaxation in Crystalline Solids, 
(Academic, New York, 1972). 
9. W. Johnson, J. Phys. IV, 6, C8-849 (1996). 
10. W. Johnson, T. Sinclair, P. Purtscher, and G. A. Alers (to be published). 
11. W. K6ster, Z. Metallk. 32,282 (1940). 
12. A. Granato, A. Hikata, and K. Liicke, Acta Met. 6, 470 (1958). 
13. T. Suzuki and C. Elbaum, J. Appl. Phys. 35, 1539 (1964). 
1869 
